Using ultrafast pump-probe reflectivity with 3.1 eV pump and coherent white light probe (1.1 to 2.6 eV), we show that graphene on gold nanostructures exhibits a strong coupling to the plasmonic resonances of the ordered lattice hole array, thus injecting a high density of hot carriers in graphene through plasmons. The system being studied is single-layer graphene on ultrathin film of gold with periodic arrangements of holes showing anomalous transmission. A comparison is made with gold film with and without hole array. By selectively probing transient carrier dynamics in the spectral regions corresponding to plasmonic resonances, we show efficient plasmon induced hot carrier generation in graphene. We also show that due to high electromagnetic field intensities at the edge of the sub-micron holes, fast decay time (10-100 fs) and short decay length (1 nm) of plasmons, a highly confined density of hot carriers (very close to edge of the holes) is generated by Landau damping of plasmons within the holey gold film. A contribution to transient decay dynamics due to diffusion of initial non-uniform distribution of hot carriers away from the hole edges is observed.
seamless integration of graphene with plasmons. Recent experiments have shown a strong light-graphene interaction enhanced by plasmons of array of holes and nanovoids in gold [29, 30] . Of particular interest are the nanovoids with protruding edges which show strong graphene-plasmon interaction due to relatively large interaction area between graphene and the strong electric field of plasmons at the voids or rims. Despite having the possibility of more strong interaction of graphene on 3D hole arrays due to large interaction area (similar to the case of nanovoids) and enhanced field intensities (because of matched plasmon energy between the two sides), this has not been explored. Most of the studies of graphene-covered periodic hole/ nanovoid arrays so far have focused on the enhanced environmental sensitivity of plasmonic resonances [29] [30] [31] [32] [33] [34] [35] . The ultrafast interplay of dynamics of carriers and plasmons in graphene-covered metal hole array is completely unexplored.
Here, we show that a high density of hot-electrons can be generated in graphene, through a strong interaction in a hybrid plasmonic structure of graphene with 3D gold hole array. Using ultrafast pump pulses (∼80 fs) of energy 3.1 eV we photoexcite carriers in graphene-gold hole array hybrid system and probe their relaxation dynamics with coherent white light in the spectral window of 1.1 eV to 2.6 eV. Notably, pump-induced reflectivity shows significant signatures in the spectral window corresponding to EOT resonances of gold hole array originating from the carrier dynamics in graphene. A comparative study of the graphene on gold film with and without hole array confirms the highly efficient direct plasmon induced hot carrier generation in graphene.
II. EXPERIMENTAL AND SIMULATION DETAILS
Gold hole array was fabricated on a glass substrate using colloidal lithography technique [36] . The hole array was prepared by spin coating solution of polystyrene spheres of 1 µm mean diameter on a glass substrate for a hexagonal close-packed colloidal monolayer.
The polystyrene sphere diameter was reduced to about 480 nm with reactive ion etching using O 2 plasma. Subsequently, 50 nm Au with 5 nm Ti adhesion layer was deposited on the microspheres by sputtering. The removal of polystyrene spheres by ultrasonication gives holes of 490 ±30 nm diameter in gold film. The atomic force microscopy (AFM) and scanning electron microscopy (SEM) were used to characterize the morphology of fabricated hole array (see Fig. 1 (a) and (b)). The array of holes with an average diameter of 490 nm are arranged in a triangular lattice of 1 µm periodicity.
Single-layer graphene samples were grown on a 25 µm thick copper foil using chemical vapor deposition technique and transferred on gold films with and without hole array by conventional technique [37, 38] . The PMMA on the graphene was removed by immersing the substrate in acetone at 60 0 C, followed by annealing for 3h at 500 0 C under hydrogen and argon atmosphere. For a reference, Au film of 50 nm thickness without hole array with Ti adhesion layer was deposited on a glass substrate. We have studied four samples: (i) 50 nm gold film with hole array (AuHA), (ii) graphene covered gold hole array (G-AuHA), (iii) 50 nm gold film (Au) and (iv) graphene covered 50 nm gold film (G-Au). find that graphene on Au is more p-doped than graphene on AuHA with respective Fermi energies at -352 meV and -206 meV, respectively [39] . This is commensurate with the fact that graphene is relatively in more contact with gold in the case of G-Au than G-AuHA. A enhancement of ∼2 in Raman intensity of D, G and 2D modes in G-AuHA in comparison to G-Au is due to the enhanced electric field originating from the nanostructure [29] . The G band of G-AuHA shows asymmetric lineshape ( Fig. 1(d) ). We fit the G band with Breit-Wigner-Fano (BWF) line shape [42] :
(where Γ is the linewidth, ω G is the G band frequency, and 1/q is the interaction parameter between the phonon and electronic continuum). From the fit we obtain ω G =1590. plasmons [43] . Asymmetric lineshapes have been observed in graphene as a manifestation of a Fano resonance originating from the interaction of G-phonons with the excitonic states formed in undoped graphene [44] . The interaction parameter 1/q observed by us is about a factor of three greater than that observed in pristine graphene with Fermi energy at the charge neutrality point [44] . We attribute the observed BWF lineshape to the interaction of G phonons with the elctronic Raman background of AuHA, implying strong coupling of graphene with the plasmonic nanostructure. For comparison, transmission spectrum of the gold film of same thickness is also shown. The transmission spectrum of AuHA and G-AuHA are not vertically shifted in Fig. 2 
We observe three EOT peaks in the transmission spectrum at 0.6 eV, 1.0 eV and 1.4 eV, marked as G1, G2 and G3 in Fig. 2(a) , respectively. The observed EOT peak positions are in good agreement with the reports on similar gold hole array films [45, 46] . The simulated transmission spectrum for triangular lattice gold hole array of 500 nm diameter and 1000 nm periodicity on glass substrate is shown in Fig. 2 (b). This guides us in assigning the EOT peaks as follows (Table I) : the transmission peak G1 is due to (1,0) AuHA/Glass Bragg resonance order, the broad EOT peak G2 is due to the overlap of (1,0) * Air/AuHA and (1,1) AuHA/Glass resonance peaks and the G3 peak is attributed to (2,0) AuHA/Glass The simulations with graphene on top of the AuHA did not show any difference in the transmission peak positions. However, the electric field intensity is enhanced due to graphene by more than ∼55%. 
where |E| 2 edge and |E| 2 mid are the electric field intensities at the edge and at a mid point between the two adjacent holes. It can be seen that the electric field intensities at the hole edge are higher at G1 and G2 EOT frequencies. The (1,0) * Air/AuHA shows greater |E| 2 edge /|E| 2 mid value than the (1,0) AuHA/Glass as the SPP is on the Air/AuHA interface, where the near field monitor is placed. The corresponding electric field intensities are enhanced when AuHA is covered with graphene (see Table (I)) . We will see later that the intense electric field intensities at the edge of the holes play an important role in hot carrier generation in graphene. Fig. 4(d) ) [47] . The pump beam at 3.1 eV (higher than the interband transition of gold at 2.4 eV) gets absorbed by the 5d → 6s transition and excites the electron distribution out of equilibrium in the conduction band and holes in the 5d band. From the two-photon photoemission (2PPE) studies it has been seen that the holes in the 5d state relax in a very short time, of the order of few tens of femtoseconds, via Auger processes and deliver the excess energy to the 6s band electrons [47] [48] [49] [50] . Thus, the excited 5d holes relax within the pump pulse duration. The non-Fermi electron distribution, through electron-electron interaction, redistributes its energy and attains a Fermi distribution with temperature T e >> T 0 (initial lattice temperature). The thermalization time of electrons varies from < 100 fs to few hundreds of fs [51, 52] . The quasi-thermalized electron distribution then loses its energy within a few picoseconds to the lattice through electron-phonon
interaction. An equilibrium with the lattice at a slightly higher temperature than T 0 is reached afterwards followed by cooling of the hot lattice on a 100 ps time scale [51, 53] . Following the arguments of Sun et al., the nonthermalized distribution of carriers interacts with phonon bath during the thermalization process. Therefore, exploring the energy exchange mechanism by considering the onset of the electron-electron and electron-phonon relaxation as two seperate regimes is not accurate. However, the energy exchange mechanism can be modeled by taking two separate populations of photoexcited carriers of thermalized and non-thermalized distributions [51] . Following [51] , we fit the transient reflectivity with the following function convoluted with the Gaussian pulse response: The positive sign of the signal originating from graphene is in agreement with the reported ultrafast study of graphene [22] . No such positive signal in UV-VIS region is observed for G-AuHA (Fig. 3(f) ). It can be seen from the fits that the dynamics is well described by the function (see Fig. 3(d) and (e)). The fit to the experimental data was found to be excellent over the entire probe energies. Fig. 3(g) We see that, as the probe photon energy increases from 1.2 to 1.45 eV, τ G decreases from 350 ± 50 fs to 200 ± 20 fs. The decay time agrees well with the characteristic decay time of carriers through electron-optical phonon (e-op) scattering in CVD grown graphene [54, 55] .
The e-op scattering in graphene is mainly due to zone-boundary optical phonons and the decay rate is given by : [54, 56] . Here |ǫ| = E − E f is the electron energy with respect to Fermi energy. W is the dimensionless electron-phonon coupling constant.
The characteristic decay time, its dependence on probe photon energy and e-op coupling constant obtained experimentally confirm that the positive signal seen in the hybrid G-AuHA structure in the NIR region originates from the carrier dynamics in graphene. As the additional signal is observed only in the G-AuHA sample in the NIR region having the plasmonic resonances due to the hole array (resonances G1, G2 and G3 in Fig. 2(a) ), we attribute the amplitude A G due to transient reflectivity modulated by plasmon induced hot carriers in the graphene with τ G as their relaxation time [20] [21] [22] . Schematic in Fig. 4(c) illustrates the hot carrier generation mechanism in graphene. As, the pump beam is not in resonance with the EOT peaks (G1, G2 and G3), the induced hot carriers in graphene can not be due to the near field enhanced direct photoexcitation [22] . The generation of hot carriers in graphene is due to plasmon induced interfacial hot carrier transfer from Au into the graphene through regions in contact with the protruding edges of the nannoholes having high near field intensities [10] .
In the discussion that follows we examine the relaxation time of thermalized carriers in gold through electron-phonon scattering τ p and its dependence on probe energy as shown in Fig. 4(b) . We see that τ p in the UV-VIS region shows similar behavior for Au and AuHA.
Interestingly, there is a two fold increase in τ p in the NIR region. The presence of graphene in G-Au and G-AuHA has no effect on τ p in gold, as expected. The spectral dependence of the different regions probed in the electronic band structure of gold are schematically shown in Fig. 4(d) [47] . We will first discuss the dependence of τ p in UV-VIS range. τ p increases from 0.8 ps at 2.0 eV to 1.2 ps at 2.4 eV and then decreases as probe energy further increases beyond 2.4 eV to 2.8 eV. As crystal structure of gold has only one atom per unit cell, carrier relax through acoustic phonon emission. The decay time varies as ∼ k B T L /E where E is the energy of electrons, k B is Boltzmann constant and T L is the lattice temperature [57] . The smearing of Fermi-Dirac distribution of the electrons at the elevated electron temperature T e creates holes below the Fermi energy. As a consequence of this the forbidden interband transitions 5d → 6s states below the Fermi energy at initial electron temperature T e =T 0 are allowed at T e ≫ T 0 , whereas the states above the Fermi energy are blocked by the phase space filling [47] . Therefore, the probe photons with energy less than the interband transition threshold (E pr ∼ 2.4 eV) detect holes below Fermi energy, whereas greater than the interband transition threshold detect electrons above Fermi energy. Hence, the observed electron-phonon cooling rate is higher when probed at 2.0 eV, increases with probe photon energy up to E f ∼ 2.4 eV and then decreases as probe photon energy moves away from the Fermi energy up to 2.8 eV.
In the NIR region there are three main results : (i) an overall increase of 1 ps in τ p of AuHA as compared to Au, (ii) the linear increase of τ p with probe photon energy and (iii) as mentioned before, the presence of graphene in G-Au and G-AuHA has no effect on τ p . As the probe in the NIR region corresponds to intraband transition one would expect photobleach signal (∆R/R with a positive sign) due to the thermalized distribution of carrieres near E f . However, as the observed ∆R/R signal in this region is negative, a photoinduced absorption is possible due to the transition from 6s band to 6p band [58, 59] . The probe in this region is excited state absorption by the thermalized carriers above E f and detects the electron with energy E = E 6p − E pr , where E 6p ∼ 4.32 eV [58] is the position of the 6p band and E pr is the probe photon energy. Higher energy probe photons therefore, detect low energy electrons above the Fermi energy. As discussed earlier the thermalized electrons decay through acoustic phonons with decay time-varying as ∼ k B T L /E, τ p is expected to vary as ∼ k B T L /(E 6p − E pr ). Therefore, in this region we see τ p increasing with probe photon energy.
We now look at an overall increase of τ p by 1 ps in AuHA in the NIR region. The perforation of gold film with holes can not change the electron-phonon coupling constant of gold and hence, the increase in τ p can not be associated to change in shape or filling factor [60] . However, the plasmonic behavior of AuHA can alter the relaxation time τ p . In the NIR region as the plasmons decay through Landau damping mechanism, they generate hot electron-hole pairs in AuHA [5-8, 53, 61] . The decay time and length of Landau damped plasmons are ∼1-100 fs and ∼1 nm, respectively [3, 61, 62] . The electromagnetic field intensity due to plasmons being high at the hole edges (Fig. 2(c-d) ), an initial population of hot electrons confined very close to the edge of the holes is generated from the plasmon decay within the pulse duration. This gives rise to a non-uniform distribution of hot carriers between the holes. The hot carriers diffuse from their high density regions to form spatially uniform distribution of hot elctrons. The characteristic hot carrier diffusion time is given by τ d = C e l 2 /2κ e , where C e =1.98×10 4 Jm −3 K −1 and κ e =310 Wm −1 K −1 are electronic specific heat and thermal conductivity of gold, respectively [53] . Taking l=260 nm as the half of the distance between the edges of two adjacent holes, we get an estimate τ d ∼2.2 ps. As the diffusion time τ d and carrier cooling time τ p are comparable, an increase of 1 ps in τ p can be possibly attributed to diffusion of hot carriers. Also, as the plasmon-induced hot carriers in graphene are generated through the hole edges (or plasmonic hotspots) in contact with graphene, hot carriers generated are initially non-uniformly distributed in graphene. The hot carriers in graphene also take finite time to diffuse and form a uniform distribution between the plasmonic hotspots. The diffusion coefficient of hot carriers in CVD graphene is D e =5.5 ×10 3 cm 2 s −1 [63] . The characteristic diffusion time of hot carriers estimated by τ d = l 2 /2D e gives τ d =57 fs for =250 nm (half of the average distance between hole edges or plasmonic hotspots). The fast diffusion ensures a uniform distribution hot carriers in graphene within the pump pulse duration. Therefore, the presence of graphene has no effect on τ p in G-AuHA. However, a slightly reduced value of τ p is observed in G-Au in comparison to Au film. As graphene is in more contact with Au film it modifies the decay rate to effective decay rate (1/τ ef f = 1/τ p + 1/τ G ) and therefore results in a slightly faster decay [64] .
A comparison of ultrafast carrier dynamics also helps us in identifying the direct or indirect nature of the plasmon-induced hot carrier generation in graphene. If the transfer pathway of hot carriers in graphene is indirect (due to the near-field interaction of graphene with gold [22] or plasmon-induced hot electron transfer (PHET) [10] ) the carrier dynamics in graphene must be affected by the diffusion dynamics of hot carriers in AuHA and should show a slower decay dynamics. But, as the time constant τ G observed by us in G-AuHA agrees with that reported for CVD Graphene on quartz substrate [54] we conclude that the transfer pathway of plasmon-induced hot carriers in graphene in the G-AuHA system is direct. The back transfer of hot carriers to Au is prevented by spatially separating them from the plasmonic hot spots (protruding edges of the holes).
IV. CONCLUSION
In conclusion, we have studied photoexcited carrier dynamics in hybrid plasmonic structure of graphene-covered gold hole array to study the graphene-plasmon interaction.
Graphene on the 3D hole array of gold shows strong coupling to the plasmonic modes. We have shown that plasmon-induced hot carriers can be efficiently generated in graphene. The qualitatively showing electronic density of states of gold (adopted from Ref. [48] ). Excited electrons after thermalization attain an electronic temperature much higher than the lattice temperature.
Fermi-Dirac distribution of electrons at an elevated temperature smear carrier occupancies around fermi energy (E f ). Probe with energy less than interband transition threshold ∼2.4 eV detects holes below fermi energy.
